The grafting of watermelons (Citrullus lanatus) is a common technique that increases yields under stressful soil conditions. The most common rootstocks for watermelons are Cucurbita hybrids. However, they often have a negative impact on fruit quality.
INTRODUCTION
Grafting in watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai) production is a common technique that increases yields under stressful conditions. 1 It is mainly used to control Fusarium wilt, caused by Fusarium oxysporum Schlechtend Fr. F. sp. niveum (E.F. Sm.; W.C. Snyder and H.N. Hans), as well as other damaging soilborne diseases, like Verticillium wilt (Verticillium dahliae Kleb). 2 It is also an important management strategy that permits a faster response to variable scenarios of abiotic stress than conventional breeding. This technology was first used during the late 1920s in Japan and Korea, and was introduced to different European countries in the late 1980s and later to the USA. 3 The most common commercial rootstocks for watermelons are Cucurbita interspecific hybrids (C. moschata Duchesne x C. maxima Duchesne) and bottle gourd accessions (Lagenaria siceraria Standl). These rootstocks confer resistance to most of the soilborne fungi affecting watermelon. However, they are susceptible to root-knot nematodes (RKN, Meloidogyne spp.). 4 These pathogens cause extensive damage to watermelon roots and increase the severity of Fusarium wilt in watermelon fields. RKNs used to be controlled in watermelon by fumigation with methyl bromide. However, the removal of methyl bromide from the markets has resulted in an increase of the impact of RKNs on watermelon and other cucurbit crops, as the alternative treatments are less effective than this fumigant. 5 This situation has caused a spike in the search for resistances in other Cucurbitaceae genera that could lead to the development of alternative rootstock suitable for managing root-knot nematodes in watermelon crops. Some species belonging to the Cucumis genus (C. metuliferus E. Mey. ex Naud. and C. pustulatus Naudin ex Hook. f.) have been reported as being resistant to RKNs. 6 These rootstocks can be used for
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watermelons, but are more suitable as rootstocks for other crops belonging to the same genus, such as melon and cucumber (C. melo L. and C. sativus L.) 7 . Other more promising materials for grafting watermelons are those belonging to Citrullus lanatus var. citroides (L.H. Bailey) Mansf ex Greb, also called citron melon. The citroides group is a group of ancient cultigens from Southern Africa that today can be found worldwide, and which is often considered to be an ancestor of cultivated watermelons. 8 Citron melons are cultivated around the world mainly for fodder and for the production of fruit preserves. Resistance to nematodes, expressed as less galling than that displayed by Cucurbita hybrids and bottle gourd rootstocks, has been reported in some citron melon accessions 5 , suggesting the usefulness of this group as rootstock for managing RKNs in watermelon. 9 Some resistant accessions have already been validated in specific conditions, 10 giving higher yields in comparison with C. maxima x C. moschata commercial rootstocks. Whereas citron melons display lower levels of resistance to Fusarium than hybrid squash and bottle gourd rootstocks, watermelon plants grafted onto citron rootstocks showed enhanced tolerance to Fusarium wilt. 11 Rotation of citron melon with Cucurbita and Lagenaria rootstocks could be an effective practice in the combined management of nematodes and Fusarium. 9, 10 Different studies have proven that rootstocks may influence, positively or negatively, scion fruit quality in many vegetables. 12, 13, 14 The most obvious reason for a negative impact is rootstock/scion incompatibility. However, even in compatible combinations different effects are commonly observed. These effects are dependent on the rootstockscion interaction, which can influence nutrient and water uptake, hormone synthesis, photosynthesis and other metabolic processes. 15 It has recently been described that rootstocks induce a differential gene expression in the scion, suggesting that this This article is protected by copyright. All rights reserved.
Accepted Article mechanism may play an important role in mediating the physiological processes of grafted plants. 16 Changes in fruit quality as a consequence of grafting can affect the external appearance and/or flesh characteristics, including the chemical composition and the organoleptic properties of the fruit. The most common effects on the external appearance of watermelons grafted onto Cucurbita hybrids or L. siceraria rootstocks are the increase in fruit weight, rind thickening and increased flesh firmness. 1, 17, 18, 19 Other clearly negative effects have been reported, such as more fibrous flesh, 20 poor color and taste, increased number of yellowish bands and the occurrence of hollow heart. 21 Changes in mineral composition, sugars, ascorbic acid, citrulline or lycopene contents also occur. 17, 18, 22, 23 The impact of grafting on fruit aroma has been studied to a lesser degree, although recent reports show an increase in the concentrations of certain aldehyde volatile compounds in watermelon fruits from plants grafted onto interspecific Cucurbita hybrids and Lagenaria rootstocks. 24 Most of these reported effects depend on the scion-rootstock combination. It is therefore imperative that we evaluate the impact of new putative rootstocks on scion fruit quality.
The aim of this study was to validate the use of a selected citron melon accession collected in Spain as rootstock for watermelon. This accession had been reported previously as highly resistant to nematodes. 25 The effect of this citron melon accession on fruit quality was studied and compared with non-grafted plants, self-grafted plants and plants grafted onto two Cucurbita hybrid rootstocks. The effect of grafting on both external and internal quality, including a detailed analysis of sugars, organic acids and volatile profiles was assessed.
EXPERIMENTAL
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Plant Material
The Spanish accession Citrullus lanatus var citroides BGV0005167 held at the COMAV´s Genebank was assayed as a new potential rootstock for watermelon. This accession was collected in Ademuz (Valencia, Eastern Spain). It was tested against nematodes in natural conditions, and responded as highly resistant, with a significantly lower number of eggs and nematodes on roots compared to the watermelon scions.
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Its behavior as watermelon rootstock (coded as GC) was compared with two C. maxima x C. moschata hybrids (a new experimental F1 hybrid, coded GMM1, and the commercial F1 Cobalt from Rijk Zwaan, coded GMM2). The experimental hybrid was obtained by crossing the C. maxima accession VAV 1860 (Large Warted Hubbard from Australia) x the C. moschata PI 550689 (Canada Crookneck squash from USA). This parental combination was selected due to the high compatibility of the cross as well as the early flowering of the resulting hybrid. Non-grafted watermelons, coded NG, and self-grafted watermelons, coded SG, were included as controls. The watermelon F1
Oneida (Rijk-Zwaan) was used as scion in all treatments.
Field assay
The approach grafting method was used to graft 24 plants of the watermelon F1 Oneida A Varian CP-3800 gas chromatograph coupled to a mass spectrometry detector (Saturn 4000, Varian) was used for the analysis of the volatiles included in Table 1 respectively. The retention index for all studied compounds was calculated using a standard containing n-alkanes (C7-C30) on Supelcowax 10 capillary column and following the formula given by Kovats.
30
Quantitation was carried out by means of external standard calibration curves obtained by using peak areas from the corresponding extracted ion chromatograms for the selected quantitation ion (Q) for each compound (Table 1) . Compounds with concentrations exceeding the linearity range were quantified by diluting extracts with nhexane until reaching the proper concentration.
Statistical analysis
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Changes in fruit characteristics and sugar and acid contents were evaluated using ANOVA and LSD multiple range tests. The changes in the volatile composition of different watermelon genotypes due to grafting were evaluated jointly using multivariate analysis MANOVA and MANOVA biplot. In the MANOVA biplot subspace, the similarity between grafting treatments can be measured as an inverse function of their distance on the graph. The angle between variables can be interpreted as an approximation of their correlation. The inner product of a group marker with a variable marker approximates the mean of the kth group on the jth variable allowing for the characterization of the differences between groups. Univariate Bonferroni confidence circles are added to the group markers in such a way that the projections of the circles onto the direction representing a given variable represent an approximate confidence interval. The significance of the difference between groups with regards to a particular variable can be established by checking the overlap of their projections. The procedure is conservative in the sense that if no overlap is found it can be concluded that there is a significant difference, but if there is an overlap, a significant difference may be found along another direction in the multidimensional space. All MANOVA biplot calculations and graphs were made with MultBiplot, free-licensed software.
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RESULTS
Effect of grafting on fruit morphology and flesh properties
The comparison of fruits from non-grafted and self-grafted watermelon plants indicates that the grafting process itself does not alter fruit size and shape or essential flesh properties, such as firmness, soluble solids content and pH ( Table 2 ). The only parameter affected by self-grafting was flesh color, with fruits from grafted plants having values for a and b color parameters that were significantly lower than those of This article is protected by copyright. All rights reserved.
Accepted Article non-grafted plants, which means less intensity of the red and yellow flesh color components.
Unlike self-grafting, grafting onto non-watermelon rootstocks altered fruit size (Table   2 ). In fact, both types of rootstocks, citron melon (GC) and the two F1 Cucurbita hybrids (GMM1 and GMM2), increased fruit weight significantly (in comparison both to self-grafted and to non-grafted watermelons). This increment was 24% on average, and was associated with the production of wider and longer fruits, without significant fruit shape alterations. In addition, both citron melon and Cucurbita rootstocks yielded fruits with thicker rinds than SG and NG, which was also accompanied by an increase in flesh thickness (ranging from 16.9 to 17.2 in grafted versus 16.0 cm in non-grafted plants). These rootstocks resulted in fruits with firmer flesh than those produced by selfgrafted plants.
The citron melon was the only rootstock that significantly increased the total soluble solids content compared to SG and NG watermelons (10.2 versus 9.3 and 9.6 Brix degrees). Of all the fruits harvested from grafted plants, the fruits from GC plants had the most similar flesh color to the non-grafted watermelons. In fact, unlike the fruits from self-grafted plants and from plants grafted onto the Cucurbita hybrids, this rootstock did not cause a reduction in the values of the Hunter color parameters.
Effect of grafting on flesh sugar and acid content
As occurred with fruit morphology and flesh properties, we did not find significant differences in acid contents between fruits of non-grafted and self-grafted plants (Table   3 ). However, some significant changes in these metabolites were found in fruits from plants grafted onto non-watermelon rootstocks. Both citron melon and Cucurbita hybrids significantly increased the malic acid content compared with non-grafted plants (Table 3) . Citron melon did not alter the citric and glutamic acid contents in comparison
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to fruits from non-grafted and self-grafted plants, whereas fruits from plants grafted onto Cucurbita hybrids had lower contents of these acids than those of citron melongrafted plants.
Fructose content was not affected by grafting (Table 2) . However, the citron rootstock was the non-watermelon rootstock that produced fruits with the highest glucose amounts, significantly higher than fruits from NG plants, which is consistent with the high value of total soluble solids content that was observed in fruits from GC plants.
Sucrose measurements were more variable. No significant differences were observed between non-grafted plants and those using either citron melon or the commercial Cucurbita rootstock. Only the experimental Cucurbita hybrid rootstock significantly reduced sucrose contents. Similar results were observed with sucrose equivalents.
Effect of grafting on flesh aroma profile
Of the 61 volatiles analyzed, 32 were found in quantifiable amounts ( Considering the complexity of the analysis, a MANOVA biplot ( Few differences in the volatile profile were found between the non-grafted and the selfgrafted controls, which was consistent with the limited effect of self-grafting as described earlier (Fig. 1) . Fruits from NG and SG plants stand out for their elevated accumulation of several compounds, including those deriving from the carotenoid degradation pathway, such as geranylacetone, 6-methyl-5-hepten-2-one, beta-ionone and beta-cyclocitral (Table 4 ).
Significant effects on flesh volatile profiles were observed in fruits from plants grafted onto the Cucurbita hybrids (GMM1 and GMM2) and GC ( Fig. 1) compared to the controls. These grafting combinations showed circles that do not overlap among themselves nor with NG or SG, indicating different aroma profiles depending on the rootstock. The greatest differences to NG and SG were found in fruits from plants grafted onto the Cucurbita hybrids. In general, low accumulation of volatile compounds, with high amounts of (Z)-6-nonenal, (E-Z)-2-6-nonadien-1-ol and (E-Z)-2-6-nonadienal, were observed in fruits from GMM1-grafted plants (Fig 1, Table 4 ), whereas the GMM2 rootstock resulted in higher accumulation of several alcohols, including 1-nonanol, 1-octanol, 1-hexanol and (Z)-3-nonen-1-ol. Both Cucurbita hybrids stood out for their accumulation of (Z)-6-nonen-1-ol. In fact, the vector for this compound represented the most important differences from the controls.
Watermelon fruits from GC plants showed a more similar volatile profile to the SG and NG controls, with an intermediate position in the MANOVA biplot between the controls and GMM1 (Fig. 1) . The differences between the controls and the CG This article is protected by copyright. All rights reserved.
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6-nonen-1-ol, (E-Z)-2-6-nonadienal and (E,E)-2-4-heptadienal as well as the lower
accumulation of carotenoid-derived volatiles in fruits from plants grafted onto the citron melon rootstock (Fig 1, Table 4 ).
DISCUSSION
Fruit quality is a complex trait that involves external and internal parameters that are determined to satisfy the consumers' preferences. In watermelon, the main qualityrelated properties are fruit morphology and flesh texture, color, flavor and aroma. Since fruit quality can be negatively modified by grafting, 12 it is important to evaluate for these traits each new rootstock-scion combination, such as that of citron melonwatermelon. The use of citron as rootstock is very promising due to its high level of resistance to nematodes. 9, 10 In this paper, we have shown that citron melons cause a range of effects in watermelon fruits that are also observed in plants grafted onto Cucurbita hybrids, but have less impact than these commonly used rootstocks on certain quality traits.
The common effects of citron and Cucurbita rootstocks are mainly related to the production of bigger watermelon fruits. Better yields associated with both larger fruits as well as the increase of fruit number per plant have often been reported for watermelons grafted onto Cucurbita hybrids, in both Fusarium-infested and noninfested soils. 24 Only a few reports have studied these effects in watermelon plants grafted onto citron rootstocks, and have indicated an increase in yield in citron melongrafted watermelons cultivated in soils infested with nematodes, but they do not clearly report an increase in fruit size.
9,10
In agreement with what is commonly found in watermelon grafting reports, 12, 19 ,32 the changes that we observed in fruit size did not cause important fruit shape alterations, This article is protected by copyright. All rights reserved.
Accepted Article although they were associated with the thickening of the watermelon rind. 18, 19 In our assay, the nearly 2-mm increase in rind thickness was associated with a higher flesh content (about 1 cm wider flesh), which minimized the negative impact of this alteration.
Another change often reported as a consequence of grafting watermelons onto different common Cucurbita interspecific hybrids is the increase in flesh firmness. 1, 17 This is an important trait as it is related to fruit quality and might also influence postharvest behavior. Flesh firmness is an indicator of ripeness in watermelon. In the current study, all experimental plots were harvested in two days, when the fruits of all combinations showed external indicators of maturity. 33 The fact that we did not find significant differences in fruit firmness between either the Cucurbita or the citron-grafted watermelons and the fruits from non-grafted plants may suggest that we harvested fruits at a similar maturity state, which is essential in order to assess and compare the quality of the fruits from the different treatments.
The development of flesh color might also be associated with the ripening stage.
Variable effects of rootstocks on watermelon flesh color have been reported. 22, 34, 35 Our results showed a certain reduction in the redness and yellowness of flesh color, which affected both the self-grafted and the Cucurbita-grafted plants, whereas the citron melon rootstocks resulted in a more similar color profile to that of the non-grafted control.
Citron melons seem to affect fruit acidity and sweetness less negatively than Cucurbita hybrids. The balance between flesh sweetness and acidity represents a central parameter in determining fruit flavor. Even though all non-watermelon rootstocks increased malic acid concentrations, the citric and glutamic acid contents of the fruits harvested in citron melon-grafted plants were similar to those of the fruits from non-grafted plants, whereas
Cucurbita hybrids reduced the content of the two acids. There are limited studies on the This article is protected by copyright. All rights reserved.
Accepted Article modification of watermelons' acidic profile as a consequence of grafting, and most indicate higher titratable acidity in fruits from grafted plants. 35, 36 Regarding the effect on sugar content, our results are in agreement with those found by Colla et al. 32 and Soteriou et al. 35 who found similar sugar compositions in fruits from grafted and non-grafted plants. The relative sweetness of fructose is greater than that of sucrose, 27 which makes the fact that grafting had no effect on fructose content quite favorable, as there were higher concentrations of fructose than glucose and sucrose in all combinations. However, we found a non-desirable effect of grafting, as it reduced the sucrose content. This effect was variable in the Cucurbita hybrids, as it only affected the fruits collected from plants with the experimental Cucurbita rootstock, whereas the commercial Cobalt did not decrease sucrose levels compared to non-grafted plants.
Despite this sucrose reduction, none of these Cucurbita rootstocks differed from nongrafted plants in sucrose equivalents. Sucrose equivalents are calculated in order to correct the concentration of each sugar with its sweetening power. This variable has been found, in other crops, 27 to be more correlated with sweetness perception than sugar concentration. Therefore, and as was previously stated for other watermelon-Cucurbita hybrid combinations, it remains unclear if reductions in specific sugars will really be perceived by consumers if no differences are detected in sucrose equivalents. 36 Previous studies also show variable results, reporting both reductions and no effects in sugar content as a consequence of grafting in Cucurbita hybrids and Lagenaria rootstocks, depending on the environment, ploidy level of the scion and stage of fruit development at harvesting. 1, 12, 18 Our study shows that the fruits harvested from plants grafted onto citron melon rootstocks retain the highest levels of all sugars, in addition to the highest level of sucrose equivalents, similar to those found in the non-grafted plants.
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Even though grafting in watermelon has been practiced since 1920, there is almost no information available on the effect of rootstock on the aroma profile. Recently, Petropoulos et al. 24 reported the effect of grafting onto TZ 148 (C. moschata x C. In our work, a much higher number of volatiles were quantified, including four of those studied by Petropoulos et al. 24 ((Z)-6-nonenal, (E)-2-nonenal, nonanal, (E,Z)-2,6-nonadienal). Two of these compounds ((Z)-6-nonenal and (E,Z)-2,6-nonadienal) have been found to be among the most abundant volatiles in seedless watermelons, and have been associated with melon-like and cucumber-like aromas, respectively. 37 The higher values of these compounds found in fruits from plants grafted onto Cucurbita hybrids were interpreted by Petropoulos et al. 24 as a negative effect of these rootstocks on the volatile profile of watermelons.
Our results also clearly suggest that the rootstock used has an important effect on the volatile profile of the watermelons produced. We also found increased amounts of the two compounds that confer melon-and cucumber-like aromas in the experimental Cucurbita hybrid, but not in the commercial rootstock, which had similar values to that of self-and non-grafted plants.
The volatile profiles of fruits harvested from plants grafted onto Cucurbita hybrids most notably show the highest levels of (Z)-6-nonen-1-ol. This compound confers pumpkinlike odors, 38 which is detrimental to fruit quality. In fact, in sliced watermelon, the concentration of (Z)-6-nonen-1-ol increases, and it has been suggested that it may be Accepted Article partially related to the pumpkin-like off-odors and squash-like off flavors often attributed to overripe whole watermelon. 39 This effect could be a consequence of a higher accumulation of these compounds, which are specific to the Cucurbita rootstocks, or possibly to a faster ripening process in these grafted plants. Considering that these fruits showed similar values of several ripening-related parameters (including rind and flesh firmness, pH and sugars content) to the control fruits, the first explanation may be the most probable. Also, as King et al. 2 suggested, the "squash" flavor may arise when the fruits are harvested too soon, but in our case, the occurrence of external signals of fruit ripening and pH and sugar values do not support this explanation.
Fruits harvested from plants grafted onto citron melons also have high amounts of the volatile compounds associated with melon-and cucumber-like aromas ((Z)-6-nonenal
and (E,Z)-2,6-nonadienal). However, they have much lower amounts of the squash-like aroma-associated compound (Z)-6-nonen-1-ol than fruits from Cucurbita hybrids.
One of the main differential characteristics of the aromas of non-grafted and self-grafted watermelons is that they have high levels of geranyl-acetone, 6-methy-5-hepten-2-one and beta-cyclocitral in comparison with the other rootstocks. These compounds originate from the degradation of carotenoids in tomato and watermelon.
40,41
Specifically, 6-methy-5-heten-2-one and geranylacetone seemingly derive from lycopene and other noncyclic tetraterpenoids while beta-ionone and beta cyclocitral derive from beta-carotene.
42
This result correlated with the observed differences in fruit color, as the presence of these volatiles has been related to total carotenoid and lycopene contents in watermelon. 43 In fact, the experimental Cucurbita hybrid with the strongest impact on flesh yellowness (in b parameter) had lower levels of these carotenoid-derived volatiles.
However, this does not explain the differences observed in flesh redness (a parameter)
This article is protected by copyright. All rights reserved. 'Oneida RZ' non-grafted; SG: Self-grafted; GC: grafted on citron melon; GMM1: grafted on experimental Cucurbita F1 hybrid; GMM2: grafted on 'Cobalt RZ' a commercial Cucurbita F1
hybrid. 
Table 2
Characteristics of watermelon fruits (Citrullus lanatus F1 Oneida) harvested from nongrafted plants (NG), self-grafted plants (SG) and plants grafted the experimental Cucurbita (C. maxima x C. moschata) hybrid F1 (GMM1), the commercial Cucurbita hybrid Cobalt (GMM2) and one new experimental citron melon (Citrullus lanatus var citroides) (GC). This article is protected by copyright. All rights reserved.
Accepted Article Table 3 Sugars and acids concentrations of watermelon fruits (Citrullus lanatus cv F1 Oneida) harvested from non-grafted plants (NG), self-grafted plants (SG) and plants grafted the experimental Cucurbita (C. maxima x C. moschata) hybrid F1 (GMM1), the commercial Cucurbita hybrid Cobalt (GMM2) and one new experimental citron melon (Citrullus lanatus var citroides) (GC). This article is protected by copyright. All rights reserved.
Accepted Article Table 4 Mean contents of the volatiles quantified in watermelon fruits (Citrullus lanatus cv F1 Oneida) harvested from non-grafted plants (NG). self-grafted plants (SG) and plants grafted the experimental Cucurbita (C. maxima x C. moschata) hybrid F1 (GMM1), the commercial Cucurbita hybrid Cobalt (GMM2) and one new experimental citron melon (Citrullus lanatus var citroides) (GC). 
